Apis mellifera foraging honeybee nap plasticity shift work sleep Shifts in work schedules test humans' capacity to be flexible in the timing of both work and sleep. Honeybee, Apis mellifera, foragers also shift their work schedules, but how flexible they are in the timing of sleep as they shift the timing of work is unknown, despite the importance of colony-level plasticity in the face of a changing environment. We hypothesized that sleep schedules of foragers are not fixed and instead vary depending on the time when food is available. We trained bees to visit a food source made available for several hours in the early morning (AM) or several hours in the late afternoon (PM), then monitored their sleep behaviour for 24 h after training, specifically comparing their sleep during the AM and PM periods previously designated as training periods. Following AM training, honeybee foragers slept more during the afternoon than during the morning, but following PM training, the same bees 'slept in' the next morning, and so slept more in the morning than in the afternoon. Although foragers did not change the total amount of time devoted to each of their behaviours (including sleep), the timing of their sleep did change. Thus, plasticity in timing of foraging was matched by plasticity in timing of sleep. The apparent correlation between the timing patterns of foraging and sleeping demonstrates temporal plasticity of sleep under ecologically realistic conditions in an invertebrate. Testing how shift work affects the health and performance of honeybees may shed light on the role of sleep in a nonhuman social animal. Ó
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Humans often institute 'shift work', an employment practise that attempts to make full use of each day's time by requiring employees to accommodate shifting work schedules. Extreme changes in circadian cycles of work/sleep can cause varied health and performance problems (reviewed by Rajaratnam & Arendt 2001; Garbarino et al. 2002; Arendt 2010) ranging from cancers and gastrointestinal dysfunction (Costa 1996) to degraded ability to detect simulated threats (weapons) as a luggage screener (Basner et al. 2008) . Extreme shifting of work schedules requires shifting of sleep schedules, whereupon planned napping can aid in performance (Smith-Coggins et al. 2006) , even under stable daytime work schedules (reviewed by Dhand & Sohal 2006) . The ability to respond flexibly to changes in work schedules by changing sleep schedules exists in humans, but is not well established in nonhuman animals under relatively normal working conditions (i.e. when not forcibly sleep deprived). To probe the evolutionary breadth of sleep flexibility, we need to understand what defines sleep and we need to test the ability of nonhuman animals to accommodate changes in the timing of wake-state activities with changes in the timing of sleep. Our aim was to test whether honeybee foragers show flexibility in timing of sleep following a change in timing of work.
Defining sleep behaviourally requires identifying a suite of behavioural traits indicative of sleep. A sleeping organism tends to be quiescent, shows a posture that is stereotypical or species specific, and is in a state that is easily reversed, but only with increased external stimulation (Piéron 1913; Flanigan et al. 1973 ). According to Tobler (1985) , a sleeping organism also experiences compensatory sleep after suffering a sleep deficit. Sleep has been defined behaviourally by meeting the above diagnostic criteria in honeybees, Apis mellifera (Kaiser 1988), the fruit fly Drosophila (Sophophora) melanogaster (Hendricks et al. 2000; Shaw et al. 2000) and other insects (Tobler 1983; Tobler & Neuner-Jehle 1992; Klein 2003) . One feature that invariably accompanies the other sleep indicators in honeybees is discontinuous ventilation (Sauer et al. 2003) . Sleeping bees ventilate their bodies discontinuously; they perform several dorsoventral pulses of the abdomen followed by extended pauses of immobility (Kaiser et al. 1996; Kleinhenz et al. 2003; Sauer et al. 2003 
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